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        Introduction 
  Chemical synapses are specialized asymmetric cellular interac-
tion sites designed for effi  cient information transmission (  Yamada 
and Nelson, 2007  ). Synapse formation is a tightly regulated 
multistep process involving reciprocal interactions between 
presynaptic and postsynaptic cells (  Goda and Davis, 2003  ; 
  McAllister, 2007  ). Presynaptic assembly requires targeted de-
livery of constituents of the synaptic plasma membrane, such as 
calcium channels and target SNARES, synaptic cytomatrix con-
stituents, such as Bassoon and Piccolo, and synaptic vesicles 
(  Ahmari et al., 2000  ;   Dresbach et al., 2003  ;   Krueger et al., 2003 ). 
Synaptic vesicles are docked and released preferentially in a 
morphologically distinct domain of the nerve terminal named 
the active zone, which is formed by fusion to the plasmalemma 
of active zone precursor vesicles called Piccolo  –  Bassoon trans-
port vesicles (  Dresbach et al., 2006  ). Signals from the presynaptic 
axon promote differentiation of specialized zones on the post-
synaptic side of the synapse that include transmitter receptors, 
scaffold proteins, cytoskeletal constituents, and signaling mole-
cules, whereas reciprocal signals from the postsynaptic cell in-
duce further maturation of the presynaptic nerve terminal. In the 
mammalian central nervous system, excitatory synapses are 
formed primarily on dendritic spines, actin-rich structures that 
concentrate the molecules required for postsynaptic signaling 
(  Tada and Sheng, 2006  ;   McAllister, 2007  ). 
  Compared with the extensive studies on mechanisms that 
control spine morphogenesis and postsynaptic protein localiza-
tion ( Tada and Sheng, 2006 ;  Alvarez and Sabatini, 2007 ;  Bourne 
and Harris, 2008  ), our understanding of presynaptic develop-
ment is limited. A recent RNAi screen for decreased acetylcho-
line secretion in  Caenorhabditis elegans  identifi  ed several genes 
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ocalization of presynaptic components to synaptic 
sites is critical for hippocampal synapse formation. 
Cell adhesion  –  regulated signaling is important for 
synaptic development and function, but little is known 
about differentiation of the presynaptic compartment. In 
this study, we describe a pathway that promotes pre-
synaptic development involving p120catenin (p120ctn), the 
cytoplasmic tyrosine kinase Fer, the protein phosphatase 
SHP-2, and     -catenin. Presynaptic Fer depletion prevents 
localization of active zone constituents and synaptic vesi-
cles and inhibits excitatory synapse formation and synap-
tic transmission. Depletion of p120ctn or SHP-2 similarly 
disrupts synaptic vesicle localization with active SHP-2, 
restoring synapse formation in the absence of Fer. Fer or 
SHP-2 depletion results in elevated tyrosine phosphoryla-
tion of     -catenin.     -Catenin overexpression restores nor-
mal synaptic vesicle localization in the absence of Fer or 
SHP-2. Our results indicate that a presynaptic signaling 
pathway through p120ctn, Fer, SHP-2, and     -catenin 
promotes excitatory synapse development and function.
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  Figure 1.       Localization of Fer at excitatory synapses and delocalization of synaptic vesicle and CAZ puncta after knockdown of Fer.   (A and B) 14 DIV dis-
sociated rat hippocampal neurons were stained with anti-Fer and anti-vGlut1 (A) or anti  –  PSD-95 (B) antibodies. (C) Localization of synaptophysin-GFP in 14 
DIV hippocampal neurons that were transfected at 10 DIV with synaptophysin-GFP together with the indicated constructs. (D) Localization of GFP  –  Bsn95-
3938 in 14 DIV hippocampal neurons transfected at 10 DIV with GFP  –  Bsn95-3938 plus control or Fer shRNA vector. Cultures were stained with anti-vGlut1 
antibody. (E) 10 DIV neurons were transfected with GFP-containing vector or Fer shRNA and stained with Bassoon antibody. (left) Images were processed to 
indicate that Bassoon colocalized with GFP. (F and G) The coverage (normalized micrometers of GFP per 10   μ  m of axon length; see Materials and methods) 
of synaptophysin-GFP (Syn-GFP) puncta along axons in each indicated condition. In F,   n   = 7 (vector), 11 (Fer shRNA), 15 (Fer shRNA + WTFer*), and 895 PRESYNAPTIC   P  120CATENIN/ FER/SHP-2/    -CATENIN   • Lee et al. 
13 (Fer shRNA + kinase-dead mutant [K591R] of Fer [KDFer*]). In G,   n   = 10 (vector), 9 (WT Fer), and 9 (kinase-dead mutant [K591R] of Fer). (H) The axonal 
coverage of GFP  –  Bsn-95-3938.   n   = 12 (vector) and 13 (Fer shRNA). (I and J) The cumulative percentage curves representing the feret length of synapto-
physin-GFP (I) and endogenous Bassoon (J). In I,   n   = 281 (vector) and 297 (Fer shRNA). In J,   n   = 425 (vector) and 572 (Fer shRNA). WTFer* and KDFer* 
are shRNA refractory constructs. Boxed areas in A  –  C are shown in high resolution images at the right (A and B) or bottom (C) of each panel. Arrows and 
arrowheads indicate vGlut1 or Bassoon immunoreactivity along the transfected axons. *, P   <   0.05; **, P   <   0.01. Error bars represent SEM. Bars, 5   μ  m.     
 
that had not previously been implicated in synapse transmis-
sion, including Fer tyrosine kinase (  Sieburth et al., 2005  ). 
  The mechanisms by which Fer might regulate synapse 
structure and function have not been studied. Fer has been shown 
to act in several signaling pathways, including receptor tyrosine 
kinase and cell adhesion molecule  –  regulated signaling. Recent 
work using chick retinal neuroepithelial cells has indicated 
that Fer promotes the integrity of the cadherin complex through 
phosphorylation of a tyrosine phosphatase PTP1B, which pro-
motes dephosphorylation of    -catenin Y654,  thereby  promoting 
cadherin –    -catenin interactions (  Xu et al., 2004  ). In contrast, a 
separate study showed that Fer increased the phosphorylation 
of     -catenin Y142, which inhibited the interaction between 
    -catenin and     -catenin (  Piedra et al., 2003  ). In this study, 
we identify an intracellular signaling pathway mediated by 
p120catenin (p120ctn), Fer, and the protein tyrosine phospha-
tase SHP-2 that regulates     -catenin phosphorylation and pro-
motes presynaptic differentiation through localization of synaptic 
vesicles and the active zone  –  associated protein Bassoon. 
  Results 
  Cell-autonomous ablation of Fer function 
results in dispersion of synaptic vesicle 
puncta and cytomatrix of active zone (CAZ) 
puncta along the axon 
  In the mouse hippocampus, Fer is widely expressed, including 
in CA1 and CA3 neurons (Fig. S1 A, available at http://www
.jcb.org/cgi/content/full/jcb.200807188/DC1). In cultured hippo-
campal neurons, Fer is present in punctate structures along 
both dendrites and axons (Fig. S1 B). A subset of the Fer-labeled 
puncta is associated with vGlut1 and PSD-95, markers of the 
presynaptic and postsynaptic compartments of excitatory syn-
apses, respectively (  Fig. 1, A and B  ). 
[ID]FIG1[/ID]  We verified that the 
observed colocalization is signifi  cant by comparing the images 
with mismatched images created by shifting of one channel 
along the x axis relative to other channels of the original images 
(Fig. S1, C and D). 
  To determine whether Fer regulates synaptic develop-
ment, we used plasmid-based expression of small hairpin RNAs 
(shRNAs) in cultured hippocampal neurons (Fig. S2, available 
at http://www.jcb.org/cgi/content/full/jcb.200807188/DC1). 
To examine presynaptic development, an expression vector en-
coding the synaptic vesicle marker synaptophysin-GFP was co-
transfected with Fer shRNA (  Fig. 1 C  ). Fluorescence-tagged 
synaptic vesicle marker proteins have been widely used to visu-
alize presynaptic sites (  Ahmari et al., 2000  ;   Ryan and Reuter, 
2001  ;   Lim et al., 2008  ). Along control neuron axons, synapto-
physin-GFP exhibited rounded or slightly elongated    1- μ m-long 
clusters plus smaller and less intense clusters, which is consistent 
with prior studies (  Nakata et al., 1998  ;   Antonova et al., 2001  ). 
In contrast, in the Fer shRNA  –  expressing neurons the syn-
aptophysin-GFP puncta were less well focused and more 
diffuse. Coexpression of shRNA-resistant Fer restored the normal 
pattern of synaptic vesicle localization. Coexpression of an 
shRNA-resistant kinase-dead Fer mutant, however, failed to 
rescue the presynaptic phenotype, indicating that the kinase 
activity of Fer is necessary for normal presynaptic development 
(  Fig. 1 C  ). Overexpression of kinase-dead Fer also resulted in 
synaptophysin-GFP diffusion (Fig. S3). To quantitate the effect 
of shRNA knockdown on presynaptic terminals, we measured 
the coverage of synaptophysin-GFP puncta along transfected 
axons at low threshold brightness. The coverage of synaptophysin-
GFP along axons was signifi  cantly increased in Fer shRNA  –   
or kinase-inactive Fer-transfected axons compared with controls 
(  Fig. 1, F and G  ). In addition, individual synaptophysin-GFP 
puncta exhibited increased length and decreased intensity in 
Fer-defi  cient neurons (  Fig. 1 I   and see Fig. 3 J). We confi  rmed 
that the knockdown of Fer had similar effects on endogenous 
proteins as well by immunostaining with antibodies to the excit-
atory presynaptic marker vGlut1, which exhibited diffused weak 
intensity localization in Fer-defi  cient axons (  Fig. 1 D  , arrows) 
in contrast to concentrated puncta in controls (  Fig. 1 D  , arrow-
heads). Overexpression of wild-type (WT) Fer in control neu-
rons did not result in signifi  cant changes in the intensity or size 
of synaptophysin-GFP puncta (unpublished data). 
  We next examined the localization of a protein associated 
with CAZ using a GFP-tagged Bassoon variant (GFP  –  Bsn95-
3938) that has been used to identify the CAZ in neurons 
(  Dresbach et al., 2003  ;   Bresler et al., 2004  ). GFP-Bassoon co-
localized with vGlut1 immunoreactive puncta in control neurons, 
but in Fer-defi  cient cells GFP-Bassoon puncta were dispersed 
along the axons (  Fig. 1 D  ). We observed this weakening of Bas-
soon puncta when we checked endogenous Bassoon by immuno-
staining along the Fer shRNA  –  transfected axons (  Fig. 1 E  ). 
The coverage of GFP  –  Bsn95-3938 puncta was signifi  cantly in-
creased in Fer-defi  cient axons compared with that of controls 
(  Fig. 1 H  ). The individual Bassoon puncta were more diffuse in 
Fer-defi  cient axons compared with control axons (  Fig. 1 J  ). 
Together, these results indicate that Fer is required for normal 
localization to synapses of both CAZ constituents and syn-
aptic vesicles. 
  Knockdown of Fer increases the motility of 
presynaptic clusters 
  Next, we asked whether the absence of Fer affects the stability 
of synaptic vesicle clusters. Time-lapse studies have identifi  ed 
two classes of synaptic vesicle  –  associated clusters that can be 
distinguished by size and mobility: large clusters with relatively 
low mobility localized at synaptic sites and smaller and more mo-
bile clusters believed to constitute a population of transport vesicles 
with directed and saltatory movements (  Ahmari et al., 2000  ; JCB • VOLUME 183 • NUMBER 5 • 2008  896
domain of the synaptic vesicle protein vGlut1 (  Voglmaier et al., 
2006  ). We coexpressed vGlut1-pHluorin with synaptophysin-
mOrange to compare the distributions of total synaptic vesicles 
with surface synaptic vesicle proteins. To quantify the intensity and 
pattern of vGlut1-pHluorin and synaptophysin-mOrange puncta, 
we averaged the intensity every 0.01   μ  m along the major axis of 
each puncta. In control neurons, puncta of vGlut1-pHluorin  –
 dependent  fl  uorescence colocalized with synaptophysin-mOrange 
puncta. (  Fig. 3, I and J  ). In Fer-defi  cient neurons, synaptic vesi-
cles are less tightly clustered, so synaptophysin-mOrange puncta 
are broader with lower peak intensities (  Fig. 3 J  ). However, the 
surface fl  uorescence of the vGlut1-pHluorin was greatly re-
duced in these axons (  Fig. 3, H and I  ;   Mitchell and Ryan, 2004  ). 
Thus, depletion of Fer appears to impair severely spontaneous 
synaptic vesicle exocytosis. 
  Depletion of presynaptic Fer inhibits 
evoked excitatory synaptic transmission 
  To further characterize the role of Fer in synaptic function, we 
performed dual-cell patch clamp recordings. We transiently de-
polarized a transfected neuron (vector or Fer shRNA transfected) 
and measured evoked excitatory postsynaptic currents (EPSCs 
[eEPSCs]) in an adjacent untransfected neuron (WT). In contrast 
to the robust eEPSCs triggered by control presynaptic neurons 
(  Fig. 4 A  ), the eEPSCs were signifi  cantly reduced or not detectable 
after stimulation of Fer-defi  cient presynaptic neurons (  Fig. 4 B  ). 
[ID]FIG4[/ID]  
The percentage of successful synaptic responses between nearby 
pairs of neurons was reduced from     90% in control  → WT  pairs 
to   <  40% in Fer shRNA  →  WT pairs (  Fig. 4 E  ). The mean amp-
litude of eEPSCs from detectable responses was also reduced 
   10-fold  in  shRNA →  WT pairs compared with Vec  → WT  pairs 
(  Fig. 4 C  ), and the variability of responses was increased dra-
matically (  Fig. 4 D  ). Postsynaptic expression of Fer shRNA 
alone had no signifi  cant effect on the percentage of synaptically 
connected pairs of neurons (  Fig. 4 E  ), on the mean amplitude of 
eEPSC (  Fig. 4 C  ), or on the variability of synaptic responses 
(  Fig. 4 D  ). For the paired neurons with detectable synaptic 
transmission, we also observed a slight but signifi  cant increase 
in the delay of synaptic transmission in shRNA  → WT  pairs 
(5.64   ±   2.47 ms for Vec  → WT  [ n   = 15] and 8.05   ±   2.47 ms for 
shRNA  → WT  [ n   = 7]; P = 0.041). These results show that pre-
synaptic depletion of Fer results in a signifi  cant reduction in 
synaptic transmission. We have observed similar alterations of 
synaptic transmission when neurons are transfected at 17 d in 
vitro (DIV) and recorded at 21 DIV (unpublished data). 
  Fer regulates     -catenin phosphorylation 
during presynaptic development 
  The impaired localization of synaptic vesicle clusters in Fer-
defi  cient neurons is similar to the phenotype observed in neu-
rons lacking     -catenin (  Bamji et al., 2003  ). Fer has been shown 
to either increase or decrease the phosphorylation of    -catenin 
depending on cell type (  Piedra et al., 2003  ;   Xu et al., 2004  ). 
To determine whether Fer regulates    -catenin  phosphorylation 
in hippocampal neurons, we used lentiviruses to overexpress 
WT or kinase-dead Fer and examined tyrosine phosphorylation 
of     -catenin. Overexpression of kinase-dead Fer resulted in 
  Krueger et al., 2003  ;   McAllister, 2007  ). In control axons, syn-
aptophysin-GFP labeled both large puncta (  1  μ m in major axis 
length) moving slowly or remaining stable (at 0.031   μ  m/min on 
average;   Fig. 2   and Video 1, available at http://www.jcb.org/cgi/
content/full/jcb.200807188/DC1) and smaller puncta (  <  0.4   μ  m 
in major axis length) moving much faster in the control. 
[ID]FIG2[/ID]  In con-
trast, in neurons expressing Fer shRNA, large puncta were highly 
mobile along the axons (at 0.276   μ  m/min on average;   Fig. 2   and 
Videos 2 and 3). These puncta displayed variable velocities and 
irregular and undirected movement, indicating that these were 
not transport vesicles (  McAllister, 2007  ). These results indicate 
that loss of Fer reduces the effi  ciency with which synaptic vesi-
cle clusters are localized at synaptic sites. 
  Presynaptic Fer is required for proper 
excitatory synapse formation and dendritic 
spine morphogenesis 
  Next, we asked whether the presynaptic Fer knockdown  –  mediated 
destabilization of presynaptic compartments affects the forma-
tion of excitatory synapses. Compared with controls, knockdown 
of Fer resulted in a signifi  cant reduction in the colocalization 
of synaptophysin-GFP puncta with the excitatory postsynaptic 
marker PSD-95 (  Fig. 3, A and B  ). 
[ID]FIG3[/ID]  Overexpression of kinase-
dead Fer in neurons had a similar effect, indicating that Fer 
kinase activity is necessary in regulating excitatory synapse for-
mation (Fig. S3). 
  Maturation of dendritic spines requires interactions between 
the pre- and postsynaptic compartments (  Okabe et al., 2001  ; 
  Bourne and Harris, 2008  ). To determine whether spine morpho-
genesis is also affected by presynaptic Fer knockdown, we used 
electroporation to label WT neurons with mOrange and label 
separate populations of neurons with a vector expressing GFP 
alone or GFP plus Fer shRNA, and we cultured mixtures of 
these neurons to examine the consequences of Fer knockdown 
in presynaptic neurons on the spine density in postsynaptic WT 
neurons (Fig. S4, available at http://www.jcb.org/cgi/content/
full/jcb.200807188/DC1). The density of contacts/crossings 
between GFP-labeled axons and mOrange-labeled dendrites 
was not signifi  cantly reduced by presynaptic knockdown of Fer 
(  Fig. 3 E  ). In contrast, the density of dendritic spines in the WT 
neurons was reduced by 40% upon knockdown of presynaptic 
Fer (  Fig. 3 D  ). Thus, the data suggest that depletion of presyn-
aptic Fer inhibits postsynaptic dendritic spine morphogenesis. 
  Fer deﬁ  ciency results in decreased synaptic 
vesicle cycling 
  To determine whether the structural defects caused by Fer defi  -
ciency impair presynaptic function, we examined potential 
effects of Fer knockdown on synaptic vesicle cycling. First we 
used FM4-64, which is accumulated in internalized recycling 
membrane compartments (  Cochilla et al., 1999  ). The percent-
age of the synaptophysin-GFP domain that was associated with 
FM4-64 was reduced by     30% in the axons of Fer shRNA  –
  treated neurons, indicating that Fer depletion reduces the 
effi  ciency of synaptic vesicle recycling (  Fig. 3, F and G  ). To ex-
amine whether synaptic vesicle exocytosis was inhibited, we 
used the pH-sensitive GFP (pHluorin) fused to the extracellular 897 PRESYNAPTIC   P  120CATENIN/ FER/SHP-2/    -CATENIN   • Lee et al. 
  Figure 2.       Depletion of Fer increased the dynamics of synaptic vesicle puncta movement.   (A) Live cell imaging of 14 DIV cultured hippocampal neurons 
that were transfected at 10 DIV with synaptophysin-GFP together with control or Fer shRNA vector. Images were captured every 60 s, and frames at 
240-s intervals from one representative control and two Fer shRNA  –  transfected neurons are presented. (B) Kymographs represent the movement of 
synaptophysin-GFP along the axons. (C) A histogram represents the distribution of the speed of individual synaptophysin-GFP puncta. (D) Mean speeds 
of synaptophysin-GFP puncta in axons of control and shRNA-transfected neurons.   n   = 61 for each condition. ***, P   <   0.0001. Error bars represent 
SEM. Bar, 5   μ  m.     JCB • VOLUME 183 • NUMBER 5 • 2008  898
  Figure 3.       Excitatory synapse formation and dendritic spine morphogenesis were reduced after presynaptic Fer deﬁ  ciency.   (A) Localization of synapto-
physin-GFP (Syn-GFP) and PSD-95 in hippocampal neurons transfected at 10 DIV with synaptophysin-GFP together with control or Fer shRNA. White 
outlines indicate the localization of synaptophysin-GFP clusters. Arrowheads indicate PSD-95 puncta colocalizing with synaptophysin-GFP puncta. Note 
the reduced colocalization of PSD-95 immunoreactive puncta at synaptophysin puncta in Fer shRNA  –  transfected neurons (arrows). (B) The fractional 
coverage by PSD-95 of synaptophysin-GFP puncta. The proportion of the coverage of major axis was normalized to that of the control vector  –  transfected 
neurons.   n   = 9 (vector) and 10 (Fer shRNA). (C) Representative images of presynaptic control or Fer shRNA vector  –  transfected neurons visualized with 
GFP (blue) and postsynaptic mOrange-transfected neurons (black). (D) Spine density of mOrange-positive neurons. Spine numbers along 10-  μ  m dendrites 
of mOrange-positive dendrites.   n   = 18 (vector) and 19 (Fer shRNA). (E) The number of GFP-positive axons overlapping mOrange-positive dendrites per 899 PRESYNAPTIC   P  120CATENIN/ FER/SHP-2/    -CATENIN   • Lee et al. 
FerP treatment dramatically increased tyrosine phosphorylation 
of   -catenin, suggesting that the association of Fer with p120ctn 
reduces     -catenin phosphorylation during presynaptic develop-
ment (  Fig. 6 I  ). We overexpressed a mutant of p120ctn lacking a 
sequence for Fer binding (p120   131 – 156)  and  also  observed 
impaired synaptic vesicle localization in transfected axons 
( Fig.  7  C ),  suggesting that the Fer interaction site in p120ctn is 
required for presynaptic development. 
[ID]FIG7[/ID]  
  The Fer interaction site in p120ctn also 
mediates binding to RhoA, but RhoA does 
not mediate the misregulation of synaptic 
vesicle cluster localization 
  In prior work, it has been shown that the N-terminal domain of 
p120ctn interacts with RhoA and is one of two sites in p120ctn 
required for p120ctn to function as a Rho  –  GDP dissociation in-
hibitor (  Anastasiadis, 2007  ;   Castano et al., 2007  ;   Yanagisawa 
et al., 2008  ). A RhoA-binding domain has been mapped to the 
N-terminal region (aa 102 – 234) of p120ctn ( Castano et al., 2007 ), 
raising the possibility that the phenotypes observed after FerP 
application and p120   131 – 156  overexpression  may  refl  ect per-
turbations of Rho, not Fer, activity. We examined whether the 
Fer-binding sequence in p120ctn also mediates binding to RhoA. 
In an in vitro binding assay, this sequence alone was able to pull 
down RhoA (  Fig. 7, A and B  ). To determine whether failure 
of p120    131  –  156 to function as a Rho  –  GDP dissociation in-
hibitor could explain the impaired localization of synaptic vesi-
cles after overexpression of this mutant, we coexpressed with 
p120    131  –  156, a dominant-negative RhoA mutant (T19N). 
Suppression of RhoA activity by dominant-negative RhoA did 
not suppress the reduced synaptic vesicle clustering observed as 
a result of overexpression of p120   131 – 156.  Overexpression  of 
a constitutively active RhoA mutant (G14V) also failed to in-
hibit synaptic vesicle localization (  Fig. 7, C and D  ). Both ex-
periments argue that the diffusion of presynaptic clusters caused 
by inhibition of the Fer  –  p120ctn interaction did not result from 
deregulated presynaptic Rho activity even though Fer and RhoA 
share a binding site in p120ctn. 
  SHP-2 is regulated by Fer and 
dephosphorylates     -catenin in presynaptic 
development: differential roles of tyrosine 
phosphatases 
  The paradoxical observation that inhibition of a tyrosine kinase, 
Fer, results in elevated tyrosine phosphorylation of    -catenin 
implies that Fer is acting indirectly through inactivation of a tyro-
sine kinase or activation of a protein tyrosine phosphatase. In prior 
work, it has been shown in chick retinal neuroepithelial cells that 
elevated tyrosine phosphorylation of     -catenin (  Fig. 5 A  ). 
[ID]FIG5 [/ID]  
In addition, overexpression of WT     -catenin or    -catenin Y654F, 
a mutant that prevents phosphorylation at a site known to regu-
late the interaction of cadherins with     -catenin, prevented the 
dispersion of synaptic vesicle clusters caused by overexpression of 
kinase-dead Fer (  Fig. 5, B and D  ). Similarly, the impaired local-
ization of synaptic vesicles observed in Fer shRNA  –  transfected 
neurons was suppressed by overexpression of    -catenin  or 
    -catenin Y654F (  Fig. 5, C and E  ). Quantifi  cation indicated that 
the intensity of synaptophysin-GFP puncta was not increased rela-
tive to controls after overexpression of WT or Y654F    -catenin 
in Fer knockdown cells (unpublished data). 
  To determine whether Fer-mediated regulation of synaptic 
vesicle cluster localization requires     -catenin, a    -catenin –
 specifi  c shRNA was used to reduce     -catenin levels. As expected 
(  Bamji et al., 2003  ), this resulted in dispersion of synaptic vesicle 
clusters, and overexpression of Fer did not prevent the dispersion 
of synaptic vesicles observed in    -catenin – defi  cient neurons 
( Fig.  5,  F  and G  ). Together, the results defi  ne an intracellular sig-
naling pathway in which Fer-mediated regulation of    -catenin 
phosphorylation controls localization of synaptic vesicles. 
  Deletion of p120ctn prevents normal 
synaptic vesicle localization 
  Prior work has shown that Fer must bind p120ctn to promote 
    -catenin binding to N-cadherin in neuroepithelial cells of the 
chick retina (  Xu et al., 2004  ). To determine whether Fer-mediated 
promotion of synaptic vesicle cluster formation requires p120ctn, 
we grew hippocampal neurons from a   p120ctn 
fl / fl      mouse de-
scribed previously (  Elia et al., 2006  ) and deleted   p120ctn   in 
cultured   p120ctn 
fl / fl      neurons by transfection with a Cre recombi-
nase. In these neurons, synaptophysin-GFP puncta were diffuse 
and poorly localized, which is similar to observations in Fer-
defi  cient neurons (  Fig. 6, A and B  ). 
[ID]FIG6[/ID]  
  Inhibition of Fer binding to p120ctn 
prevents normal synaptic vesicle 
localization 
  To determine more directly whether association with p120ctn is 
important for Fer-mediated promotion of synaptic vesicle local-
ization, we exposed neurons to a cell-permeable peptide previously 
shown to inhibit p120ctn  –  Fer association (FerP), corresponding to 
aa 331  –  360 of Fer (  Xu et al., 2004  ). Application of FerP prevented 
the normal localization of both synaptic vesicles and Bassoon-
containing clusters (  Fig. 6, C  –  F  ). Synaptic vesicle clusters in 
FerP-treated neurons were highly unstable with random and 
undirected movements (  Fig. 6, G and H  ; and Videos 4 and 5, avail-
able at http://www.jcb.org/cgi/content/full/jcb.200807188/DC1). 
mOrange-positive dendrite length.   n   = 11 (vector) and 12 (Fer shRNA). NS, P = 0.058. (F) Imaging at 14 DIV of hippocampal neurons transfected at 10 DIV 
with synaptophysin-GFP together with control or Fer shRNA vector. Cells were loaded with FM4-64 (red) at 14 DIV. (G) The percent coverage by FM4-64 
of synaptophysin-GFP puncta length.   n   = 9 (vector) and 8 (Fer shRNA). (H) Imaging of vGlut1-pHluorin in 14 DIV hippocampal neurons transfected at 10 
DIV with vGlut1-pHluorin, synaptophysin-mOrange (not depicted), and control or Fer shRNA. The vGlut1-pHluorin signal has been processed to indicate 
signal intensity. After initial imaging, cells were treated with NH  4  Cl to elevate the pH of internal vesicles to pH 7.4 using NH  4  Cl, which revealed the pres-
ence of vGlut1-pHluorin puncta in Fer-deﬁ  cient synaptophysin-mOrange  –  positive neurons, conﬁ  rming that the low intensity was not caused by a failure in 
transfection or protein expression. (I and J) Graph lines indicating mean ﬂ  uorescence intensities at denoted distances from the centers of the vGlut1-pHluorin 
puncta (I) and synaptophysin-mOrange (Syn-mOrange) puncta (J). Gray lines indicate control vector  –  transfected conditions, whereas red lines indicate Fer 
shRNA  –  transfected conditions.   n   = 30 (vector) and 57 (Fer shRNA). *, P   <   0.05; **, P   <   0.01; ***, P   <   0.0001. Error bars represent SEM. Bars, 5   μ  m.     
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  SHP-2 is another protein tyrosine phosphatase expressed in 
hippocampal neurons that has been shown in some cell types to 
regulate phosphorylation of     -catenin and other constituents of 
the cadherin complex (  Ukropec et al., 2000  ;   Sallee et al., 2006  ; 
  Kim et al., 2007  ). We observed that SHP-2 shRNA  –  mediated 
knockdown severely impaired synaptic vesicle localization, 
which is similar to observations in Fer-defi  cient neurons (  Fig. 8, 
B and E; and Fig. S5  ). Overexpression in SHP-2  –  defi  cient 
Fer phosphorylates PTP1B, which increases the association of this 
protein phosphatase with the cadherin complex, thereby reducing 
the phosphorylation of   -catenin ( Xu et al., 2004 ). Motivated by 
these observations, we fi  rst determined whether PTP1B regulates 
synaptic vesicle cluster localization. Contrary to expectation, 
shRNA-mediated depletion of PTP1B did not inhibit synaptic 
vesicle clustering (  Fig. 8, A and D  ; and Fig. S5, available at http://
www.jcb.org/cgi/content/full/jcb.200807188/DC1). 
[ID]FIG8[/ID]  
  Figure 4.       Presynaptic Fer-mediated eEPSCs.   Paired neurons with soma  –  soma distance around 100   μ  m were selected for dual recording. Neurons ex-
pressing control (Vec) or Fer shRNA (shRNA) were identiﬁ  ed by the expression of GFP, which is contained in the same constructs. Non-GFP  –  expressing 
neurons were considered as WT. Recordings were performed at 14  –  17 DIV. (A) Persistent eEPSCs at vector to WT synapses. Five constant stimuli (200 mV 
for 1 ms) delivered into the presynaptic cell (pre) reliably evoke robust EPSCs at the postsynaptic cell (post). The time interval between stimuli is 10 s. 
(B) Examples of eEPSCs at Fer shRNA to WT synapse. Unlike the control, stimuli with the same strength delivered at Fer shRNA neurons initiate only weak 
or no eEPSCs by neighboring WT neurons. (C) Substantial reduction of EPSC size by presynaptic Fer shRNA. Lines and circles indicate the average values 
from ﬁ  ve stimulation trials. It is worth noting that postsynaptic knockdown of Fer (i.e., WT to Fer synapses) does not have a statistically signiﬁ  cant effect on 
the eEPSC amplitude. (D) Increased variation on the EPSC amplitude at Fer shRNA to WT synapses. C.V., coefﬁ  cient of variation. (E) Low success rate of 
the synaptic transmission rate at Fer shRNA to WT synapses. Synaptic transmission is deﬁ  ned as successful when an evoked response is ﬁ  ve times larger 
than the root mean square of the noise (    10  –  13 pA).   n   = 20 (vector  →  WT), 15 (shRNA  →  WT), and 8 (WT  →  shRNA). *, P   <   0.025; **, P   <   0.01; one-way 
analysis of variance. Error bars indicate SEM.     901 PRESYNAPTIC   P  120CATENIN/ FER/SHP-2/    -CATENIN   • Lee et al. 
  Figure 5.           -Catenin overexpression suppresses Fer-mediated synaptic vesicle delocalization.   (A) Phosphorylation of     -catenin (    -cat) is increased after 
inhibition of Fer function. 7 DIV rat cortical neurons were infected with lentiviruses expressing WT Fer or KDFer. At 14 DIV, extracts were prepared and used 
for IP with anti  –      -catenin followed by immunoblotting (IB) with antiphosphotyrosine antibody 4G10 (left), and the blots were reprobed with anti  –      -catenin 
(middle). Total lysates were immunoblotted with anti-Fer to examine the expression of exogenous Fer (right). (B  –  E) Expression of WT or Y654F     -catenin 
prevents synaptic puncta dispersion caused by inhibition of Fer. Hippocampal neurons were transfected with synaptophysin-GFP (Syn-GFP) together with the 
indicated DNAs at 10 DIV and were ﬁ  xed at 14 DIV for imaging. Representative images are shown in B and C. Normalized coverage of synaptophysin-GFP 
per 10   μ  m of axon in each condition is quantiﬁ  ed in D and E. In D,   n   = 8 (vector), 9 (KDFer), 8 (KDFer + WT    -cat), and 7 (KDFer + Y654F    -cat). In E,   n   = 15 
(vector), 21 (Fer shRNA), 11 (Fer shRNA + WT    -cat), and 14 (Fer shRNA + Y654F    -cat). (F and G) Delocalization of presynaptic puncta by     -catenin 
knockdown was not rescued by overexpression of Fer. Hippocampal neurons were transfected with the indicated DNAs at 10 DIV and ﬁ  xed at 14 DIV 
for imaging. Representative images of synaptophysin-GFP clusters in each condition are shown in F, and normalized coverage of synaptophysin-GFP per 
10-  μ  m axon in condition is presented in G.   n   = 13 (vector), 16 (    -cat shRNA), and 10 (    -cat shRNA + Fer). KDFer, kinase-dead mutant (K591R) of Fer. *, 
P   <   0.05; **, P   <   0.01. Error bars represent SEM. Bars, 5   μ  m.     JCB • VOLUME 183 • NUMBER 5 • 2008  902
    -catenin tyrosine phosphorylation (  Fig. 8 G  ). Next, we examined 
whether Fer is functionally linked to SHP-2 by expressing a con-
stitutively active mutant (E76K) of SHP-2. Overexpression of 
constitutively active SHP-2 restored synaptic vesicle localization 
neurons of WT     -catenin or    -catenin  Y654F  restored  normal 
synaptic vesicle localization. In addition, the tyrosine phosphory-
lation of     -catenin was signifi  cantly increased after knockdown 
of SHP-2, confi  rming a role for this phosphatase in control of 
  Figure 6.       Requirement for interaction between Fer and p120ctn to regulate     -catenin phosphorylation and synaptic vesicle localization.   (A and B) Hippo-
campal neurons from postnatal day 0   p120ctn 
ﬂ  /ﬂ       mice were transfected with vector or Cre recombinase together with synaptophysin-GFP (Syn-GFP) at 10 
DIV and were ﬁ  xed at 14 DIV for imaging. Representative synaptophysin-GFP patterns are shown in A, and normalized coverage of synaptophysin-GFP 
in each condition is shown in B.   n   = 9 (vector) and 11 (Cre). (C  –  F) Imaging at 13 DIV of rat hippocampal neurons that were transfected at 10 DIV with 
synaptophysin-GFP (C and D) or GFP  –  Bsn95-3938 (E and F). Cultures were incubated with 5   μ  g/ml FerCo or FerP from 11 to 13 DIV. The coverage (mi-
crometers of GFP per 10   μ  m of axon) of synaptophysin-GFP (  n   = 10 [FerCo] and 12 [FerP]) or GFP  –  Bsn-95-3938 (  n   = 8 [FerCo] and 9 [FerP]) is quantiﬁ  ed 
in D and F. (G and H) Time-lapse analysis at 13 DIV of synaptophysin-GFP  –  expressing organelles in hippocampal neurons transfected at 10 DIV. Cultures 
were treated with FerCo or FerP for 2 h before time-lapse imaging. Pictures were taken every 1 min. Increased movements of puncta are observed in FerP-
treated neurons compared with FerCo-treated control neurons. The average speeds of individual synaptophysin-GFP puncta in each condition are shown 
in G, and a histogram representing the distribution of the speeds of each puncta is shown in H.   n   = 71 (FerCo) and 68 (FerP). (I) 12 DIV hippocampal 
neurons were treated with FerCo or FerP for 4 h followed by IP with anti  –      -catenin (    -cat) and immunoblotting (IB) with antiphosphotyrosine mAb 4G10 
(top). The blot was reprobed with anti  –      -catenin (bottom). FerCo, control peptide; FerP, Fer peptide. *, P   <   0.05; **, P   <   0.01; ***, P   <   0.0001. Error 
bars represent SEM. Bars, 5   μ  m.     903 PRESYNAPTIC   P  120CATENIN/ FER/SHP-2/    -CATENIN   • Lee et al. 
presynaptic  Fer – p120ctn – SHP-2 –    -catenin mediated signaling 
pathway leading to synaptic development is presented in   Fig. 9  . 
[ID]FIG9[/ID]  
  Presynaptic Fer is required for presynaptic 
assembly, excitatory synapse formation, 
postsynaptic spine morphogenesis, and 
synaptic function 
  Results from fi  xed cell imaging and time-lapse imaging of live 
cells demonstrate that Fer kinase is needed for proper localiza-
tion and stabilization of synaptic vesicle clusters. In central ner-
vous system synaptogenesis, it is now believed that presynaptic 
components are transported in multimolecular complexes. A key 
feature of presynaptic development is the proper localization of 
these complexes to synaptic sites. Components of the CAZ are 
transported as constituents of Piccolo  –  Bassoon transport vesi-
cles, which are inserted into the plasmalemma to form presynap-
tic active zones, after which additional scaffold proteins and 
synaptic vesicles are recruited to these sites through poorly 
in Fer-defi  cient neurons (  Fig. 8, C and F  ). Collectively, the data 
suggest that Fer may control synaptic vesicle localization through 
regulation of SHP-2 and suggest further that it may act through 
inhibition of     -catenin tyrosine phosphorylation. 
  Discussion 
  Current results indicate that the cytoplasmic tyrosine kinase Fer 
promotes differentiation of the presynaptic compartment in hippo-
campal neurons. In addition to cell-autonomous regulation of 
presynaptic differentiation, presynaptic Fer is required for post-
synaptic spine differentiation and normal excitatory transmission. 
Genetic deletion of p120ctn, inhibition of p120ctn  –  Fer associa-
tion, and shRNA-mediated depletion of Fer or SHP-2 each pre-
vented normal synaptic vesicle localization at synapses. These 
perturbations resulted in elevated tyrosine phosphorylation of 
    -catenin. Overexpression of     -catenin or    -catenin  Y654F  pre-
vented the mislocalization of synaptic vesicles. A model of the 
  Figure 7.       The Fer-binding region in p120ctn overlaps with a RhoA-binding site, but the synaptic diffusion phenotype is independent of Rho regulation.   
(A and B) In vitro binding assay to map RhoA and p120ctn interaction sites. Recombinant GST-p120ctn peptides corresponding to the indicated aa were 
incubated with GDP-bound recombinant RhoA. (A) Representative images of RhoA-GDP bound to GST-p120ctn. The amounts of RhoA-GDP bound to GST-
p120ctn were quantiﬁ  ed in B. (C and D) Visualization of synaptophysin-GFP (Syn-GFP) at 14 DIV in neurons transfected at 10 DIV with synaptophysin-GFP 
together with the indicated constructs. Neurons were analyzed for the synaptophysin-GFP coverage (micrometers of GFP per 10   μ  m of axon length normal-
ized to control).   n   = 16 (vector), 16 (    131  –  156), 18 (RhoDN), 17 (    131  –  156 + RhoDN), and 9 (RhoCA).     131  –  156, 131  –  156 aa-deleted p120ctn. 
RhoDN, dominant-negative mutant (T19N) RhoA; RhoCA, constitutively active mutant (G14V) RhoA. **, P   <   0.01. Error bars represent SEM. Bar, 5   μ  m.     JCB • VOLUME 183 • NUMBER 5 • 2008  904
compartments are clearly required for normal synapse forma-
tion (  Okabe et al., 2001  ;   Tada and Sheng, 2006  ;   Lardi-Studler 
and Fritschy, 2007  ). Numerous observations implicate cell 
adhesion  –  mediated interactions in synapse localization and dif-
ferentiation (  Yamada and Nelson, 2007  ). For example, N-cadherin 
promotes spine morphogenesis and stability in cooperation with 
p120ctn,     N-catenin, leukocyte common antigen  –  related protein, 
understood mechanisms (  Bresler et al., 2004  ;   McAllister, 2007  ). 
Localization of components of the active zone cytoplasmic ma-
trix as well as synaptic vesicles requires normal Fer function. 
  The impairments in synaptic vesicle and active zone local-
ization after presynaptic depletion of Fer resulted in a striking 
reduction in spine morphogenesis within juxtaposed dendrites. 
Reciprocal signaling interactions between pre- and postsynaptic 
  Figure 8.       SHP-2 is downstream of Fer in mediating     -catenin regulation during presynaptic development.   (A  –  F) Effects of PTP1B and SHP-2 depletion 
on synaptic vesicle localization and suppression of SHP-2 phenotype by overexpression of     -catenin (    -cat) and     -catenin Y654F. 14 DIV hippocampal 
neurons were imaged at 14 DIV after transfection at 10 DIV with synaptophysin-GFP (Syn-GFP) together with the indicated constructs. Quantiﬁ  cation of the 
synaptophysin-GFP coverage (normalized micrometers of GFP per 10   μ  m of axon length) is presented in D  –  F. SHP-2 shRNA1 was used for all experiments 
in B, E, and G. In D,   n   = 22 (vector), 26 (PTP1B shRNA1), 6 (PTP1B shRNA2), 10 (SHP-2 shRNA1), and 6 (SHP-2 shRNA2). In E,   n   = 12 (vector), 
13 (SHP-2 shRNA), 11 (SHP-2 shRNA +     -catenin), and 13 (SHP-2 shRNA + Y654F). In F,   n   = 11 (vector), 11 (Fer shRNA), and 10 (Fer shRNA + E76K). 
(G) Increased phosphorylation of     -catenin in SHP-2  –  depleted neurons. Rat hippocampal neurons were transfected by electroporation before plating and 
at 14 DIV were lysed and immunoprecipitated with anti  –      -catenin. Blots were probed with antiphosphotyrosine mAb 4G10 (left) followed by reprobing with 
anti  –      -catenin. IB, immunoblotting. *, P   <   0.05; **, P   <   0.01. Error bars represent SEM. Bars, 10   μ  m.     905 PRESYNAPTIC   P  120CATENIN/ FER/SHP-2/    -CATENIN   • Lee et al. 
tion of either Y489 or Y654 reduces the interactions between 
cadherins and     -catenin, whereas phosphorylation of Y142 re-
duces interactions between   - and   -catenin ( Roura et al., 1999 ; 
  Huber and Weis, 2001  ;   Piedra et al., 2003  ;   Rhee et al., 2007  ). 
  Interestingly, prior observations indicate that Y654 
phos  phorylation controls synaptic vesicle localization, spine 
mor  phogenesis, AMPA (  -amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionic acid) receptor turnover, and synaptic function. 
Brain-derived neurotrophic factor  –  stimulated phosphorylation 
of Y654 reduces cadherin  –      -catenin association and synaptic 
vesicle cluster stability and promotes new synapse formation 
( Bamji et al., 2006 ). Synaptic activity acting through suppression 
of Cdk5 reduces phosphorylation of Y654, promotes localization 
of     -catenin to dendritic spines, increases spine size, and en-
hances synaptic strength (  Murase et al., 2002  ). Recently, it has been 
shown that NMDA ( N -methyl- d -aspartate) receptor – dependent 
long-term depression is mediated through phosphorylation of 
    -catenin Y654, which results in reduced cadherin  –     -catenin 
association and elevated N-cadherin endocytosis (  Tai et al., 
2007  ). It will be interesting to study whether Fer regulates either 
AMPA receptor traffi  cking or NMDA receptor  –  dependent long-
term depression. 
  It seems unlikely that phosphorylation of Y142, a site that 
regulates interactions with     -catenin, is involved causally in the 
regulation of synaptic vesicle localization downstream of 
Fer. First, we previously demonstrated that deletion of the 
   -catenin – binding  site  in     -catenin did not prevent synaptic 
vesicle localization (  Bamji et al., 2003  ). Second, although Y142 
may be phosphorylated by Fer ( Piedra et al., 2003 ), we observed 
increased, not decreased, phosphorylation of     -catenin in Fer-
depleted neurons. 
  Several phosphatases have been identifi  ed in the cadherin 
complex in various cell types, including SHP-1, SHP-2, PEZ, low 
molecular weight protein tyrosine phosphatase, PTP1B, leukocyte 
and GluR2 (  Togashi et al., 2002  ;   Dunah et al., 2005  ;   Elia et al., 
2006  ;   Saglietti et al., 2007  ). It is possible that this trans-synaptic 
effect of Fer defi  ciency is at least in part mediated through re-
duced postsynaptic N-cadherin function. 
  As assessed by imaging of FM4-64 uptake, pH-sensitive 
GFP monitoring of exocytosis, and electrophysiological record-
ings, synaptic function is severely perturbed by Fer defi  ciency. 
This may be caused by (a) defi  cits in excitatory synapse for-
mation, (b) reduced size of synaptic vesicle pools, and/or 
(c) changes in the structure and function of the presynaptic active 
zone. Consistent with the fi  rst possibility are our results show-
ing reduction in PSD-95 immunoreactivity and dendritic spine 
density. The observed reduction in EPSC amplitude may also 
refl  ect these postsynaptic abnormalities. Reduced numbers of 
synaptic vesicles are also likely to contribute to the reduced size 
of evoked responses observed after Fer depletion from pre-
synaptic terminals. Interestingly, in our prior study, depletion of 
    -catenin resulted in a reduced reserve vesicle pool size without 
reducing the size of the readily releasable vesicle pool ( Bamji 
et al., 2003  ). In future studies, it will be interesting to examine 
the role of the p120ctn  –  Fer  –  SHP-2 pathway in controlling cal-
cium infl  ux and clearance, paired-pulse facilitation and depres-
sion, and other aspects of synaptic function and plasticity. 
  Signaling pathways mediating Fer function 
in synaptic development 
  Regulation of phosphorylation of     -catenin appears to be a sig-
nifi  cant downstream target of Fer. X-ray structural analysis, in 
vitro binding assays, and analyses of cellular immunoprecipi-
tates have shown that type I cadherin-promoted stable cell  –  cell 
junction formation requires     -catenin. Phosphorylation of 
   -catenin controls its interactions with cadherins and other binding 
partners (  Huber and Weis, 2001  ;   Lilien and Balsamo, 2005  ;   Xu 
and Kimelman, 2007  ). Studies have revealed that phosphoryla-
  Figure 9.       Proposed intracellular signaling involving Fer, p120ctn, SHP-2,     -catenin, and cadherin during synaptic development.   Based on the results and 
current knowledge, we propose a signaling cascade (1  –  4) leading to synaptic formation (5 and 6). The model focuses on the role of Fer and cadherin 
components at the presynaptic compartment (left). (1) Fer is recruited by p120ctn to the cadherin complex. (2) Fer acts on SHP-2 tyrosine phosphatase to 
increase the phosphatase activity at the cadherin complex. This may be done in two ways that need to be characterized further: Fer may increase phos-
phorylation or modify the protein interaction of SHP-2, thereby increasing the phosphatase activity of SHP-2, or Fer enhances the recruitment of SHP-2 to 
the cadherin complex. (3) SHP-2 dephosphorylates     -catenin to strengthen the interaction between cadherin and     -catenin. (4) Cadherin adhesion and 
possibly other cell adhesion regulated by cadherin (e.g., nectin-mediated adhesion) are stabilized. Through this cadherin  –  catenin adhesion complex (5) in 
the presynaptic compartment,     -catenin acts as a scaffold using its PSD-95/disc large/ZO-1  –  binding domain to trap and stabilize the synaptic vesicles at 
the synaptic site. (5    ) In the postsynaptic compartment, dendritic spine morphogenesis and recruitment of postsynaptic components are proceeded to form 
a mature and functional synapse (6). If this sequence is perturbed by deﬁ  ciency of presynaptic Fer, we imagine the presynaptic vesicles will be scattered, 
and the disrupted integrity of cadherin  –  catenin will result in a failure in synapse formation and function (right).     JCB • VOLUME 183 • NUMBER 5 • 2008  906
anti-vGlut1 were obtained from Millipore, anti-MAP2 and antisynapto-
physin were obtained from Sigma-Aldrich, anti  –  PSD-95 was obtained 
from Thermo Fisher Scientiﬁ  c, anti-PTP1B was obtained from EMD, anti  –
  SHP-2 was obtained from Santa Cruz Biotechnology, Inc., and antiphos-
photyrosine 4G10 was obtained from Millipore. Complete Mini was 
purchased from Roche. Fluorescence-conjugated secondary antibodies, 
FM4-64, and antifade mounting solution were purchased from Invitro-
gen. FerP and FerCo peptides were described previously in   Xu et al. 
(2004)  . Amaxa nucleofactor and its reaction reagents were obtained 
from Amaxa Biosystems. 
  Synaptophysin-GFP was provided by T. Nakata (University of Tokyo, 
Tokyo, Japan), GFP  –  Bsn-95-3938 was provided by C. Garner (Stanford 
University, Palo Alto, CA), vGlut1-pHluorin was provided by R.H. Edwards 
(University of California, San Francisco, San Francisco, CA), mOrange 
was provided by R.Y. Tsien (University of California, San Diego, La Jolla, 
CA), and synaptophysin-CFP was provided by S. Okabe (Tokyo Medical 
and Dental University, Tokyo, Japan). Synaptophysin-mOrange was made 
by replacing CFP with mOrange in synaptophysin-CFP. Lentiviral constructs 
were originally provided by C. Lois (Massachusetts Institute of Technology, 
Cambridge, MA) and I.M. Verma (Salk Institute, La Jolla, CA). 
  shRNA constructs were made by annealing of the following oligo-
nucleotides and insertion into pSUPERRetro or pSUPERGFP; for     -catenin 
shRNA, the same target sequence (    -cat811) used by   Zhang et al. (2007)   was 
used: Fer shRNA, 5   -GATCCCCAAGGAGAGGCTATCCAAATTTGATTCAAG 
   A-
GATCAAATTTGGATAGCCTCTCCTTTTTTTA-3     and  5   -AGCTTAAAAAAAGGAGA-
GGCTATCCAAATTTGATCTCTTGAATCAAATTTGGATAGCCTCTCCTTGGG-3    ; 
PTP1B shRNA2, 5    -GATCCCCCCAGGATATTCGACATGAATTCAAGAGAT-
TCATGTCGAATATCCTGGTTTTTA-3     and 5    -AGCTTAAAAACCAGGAT-
ATTCGACATGAATCTCTTGAATTCATGTCGAATATCCTGGGGG-3    ; SHP-2 
shRNA1, 5    -GATCCCCGAGGGAAGAGCAAGTGTGTTTCAAGAGAACA-
CACTTGCTCTTCCCTCTTTTTA-3     and 5    -AGCTTAAAAAGAGGGAAGAG-
CAAGTGTGTTCTCTTGAAACACACTTGCTCTCCCTCGGG-3    ; and SHP-2 
shRNA2, 5    -GATCCCCGGACATGAATATACCAATATTCAAGAGATATTG-
GTATATTCATGTCCTTTTTA-3     and 5    -AGCTTAAAAAGGACATGAATATAC-
CAATATCTCTTGAATATTGGTATATTCATGTCCGGG-3    . PTP1B shRNA1 
was made by annealing the following oligonucleotides and insertion into 
pLentiLox3.7: 5    -TCGAGCAGATCGATAAGGCTTTCAAGAGAAGCCTTATC-
GATCTGCTCGTTTTTTG-3     and 5    -TCGACAAAAAACGAGCAGATCGATA-
AGGCTTCTCTTGAAAGCCTTATCGATCTGCTCGA-3    . 
  shRNA-resistant constructs were made by site-directed mutagenesis 
using QuikChange Mutagenesis (Agilent Technologies) using the following 
primers: Fer shRNA  –  resistant construct, 5    -TATGGAAAGAAAGGAGAGA-
CTGTCTAAATTTGAGTCTATTCGTC-3     and 5    -GACGAATAGACTCAAATT-
TAGACAGTCTCTCCTTTCTTTCCATA-3     and SHP-2 shRNA1  –  resistant 
constructs, 5    -GAGAGAGGGAAGAGTAAATGCGTCAAGTACTGGCC-3     
and 5    -GGCCAGTACTTGACGCATTTACTCTTCCCTCTCC-3    . 
  Primary neuronal culture, gene transfer, and peptide treatment 
  Dissociated hippocampal neurons were prepared from embryonic day 18 
Sprague-Dawley rats as described previously (  Bamji et al., 2003  ) using 
procedures approved by the University of California, San Francisco com-
mittee on animal research. Cells were plated at 75,000 cells/ml (192 
cells/mm 
2  ) on 18-mm coverslips coated with poly-  L  -lysine in 12-well plates. 
For imaging analyses, neurons were transfected at 10 DIV using Lipo-
fectamine 2000 (Invitrogen). To get high transfection efﬁ  ciency for immuno-
blotting, trans-synaptic dendritic spine analysis, and electrophysiology, 
neurons were electroporated with nucleofactor (Amaxa Biosystems) before 
plating according to the manufacturer  ’  s instructions. FerP and FerCo were 
applied directly into the maintenance medium at 5   μ  g/ml of ﬁ  nal concen-
tration. For lentiviral expression, viral particles were packaged in 293T 
cells and applied to the neurons at 7 DIV (multiplicity of infection 10). 
  Immunoprecipitation (IP) and immunoblotting 
  14 DIV hippocampal neurons were lyzed in denaturing IP buffer (1% SDS, 
50 mM Hepes, pH 7.4, 150 mM NaCl, 1 mM sodium vanadate, 10 mM 
sodium ﬂ  uoride, and 1 tablet/10 ml Complete Mini), boiled, and ﬁ  ve times 
diluted with IP buffer without SDS. Lysates were clariﬁ  ed by centrifugation, 
and protein concentrations were determined using bicinchoninic acid re-
agent (Thermo Fisher Scientiﬁ  c). Aliquots of clariﬁ  ed lysates containing 1.5 mg 
of total protein were incubated with 3   μ  g of anti  –      -catenin for 5 h followed 
by an additional incubation with Dynabead protein G (Invitrogen) for 1 h. 
The immunoprecipitates were washed three times with IP buffer. After 
SDS sample buffer (100 mM Tris, pH 6.8, 2% SDS, 10% glycerol, 5% 
    -mercaptoethanol, and 0.25% bromophenol blue) was added, samples 
were fractionated by SDS-PAGE and analyzed by immunoblotting. 
common antigen  –  related protein, and RPTP-     ( Piedra  et  al., 
2003  ;   Lilien and Balsamo, 2005  ). In retina neuroepithelial cells, 
Fer appears to promote dephosphorylation of    -catenin  and 
cadherin complex integrity through phosphorylation of PTP1B 
(  Xu et al., 2004  ). In contrast, our results indicate that PTP1B is 
not a major regulator of     -catenin during initial synapse forma-
tion by hippocampal neurons. However, we have observed that 
the knockdown of PTP1B affects the maintenance of the normal 
synapse number in mature neurons (unpublished data). In de-
veloping hippocampal neurons, our data indicate that SHP-2 is 
an important negative regulator of    -catenin  phosphorylation 
that promotes cadherin complex integrity and presynaptic ter-
minal differentiation. Phosphorylation of Y542 and Y580 on 
SHP-2 increases the tyrosine phosphatase activity of SHP-2 (  Mohi 
and Neel, 2007  ;   Pao et al., 2007  ). SHP-2 has been shown to be 
phosphorylated by Fer and to be activated by both phosphoryla-
tion and binding of its SH2 domains to other proteins, such as 
Gab-1 (  Kogata et al., 2003  ). 
  Our results indicate that both Fer and RhoA bind over-
lapping sites in the N-terminal domain of p120ctn. Our functional 
experiments of presynaptic assembly, however, indicate that 
down-regulation of Rho by p120ctn is not required for presynap-
tic development. In addition, overexpression of kinase-dead Fer 
severely impaired localization of synaptic vesicle clusters. 
Collectively, these observations indicate that the N terminus of 
p120ctn promotes synaptic terminal differentiation through re-
cruitment of Fer, not Rho. In contrast, our previous experiments 
on postsynaptic spine morphogenesis demonstrated that p120ctn 
promotes spine formation and maturation through control of Rho 
family GTPases as well as enhancement of cadherin stability 
(  Elia et al., 2006  ). Thus, p120ctn has important roles in both pre- 
and postsynaptic development but promotes differentiation of 
these two compartments through distinct signaling pathways. 
  Finally, although our experiments indicate that Fer acts 
through SHP-2 to control     -catenin phosphorylation and argue 
for an important regulatory role of     -catenin in presynaptic dif-
ferentiation and function, Fer and SHP-2 have been shown to 
have a diversity of substrates in other cell types ( Ha et al., 2008 ). 
The physiological consequences of presynaptic or postsynaptic 
    -catenin depletion differ substantially from our observations 
on synaptic transmission in neurons lacking Fer (  Bamji et al., 
2003  ;   Okuda et al., 2007  ). In addition, localization of Bassoon 
is impaired in Fer-depleted neurons, although we did not ob-
serve an obvious perturbation of Bassoon localization in neu-
rons lacking     -catenin (  Bamji et al., 2003  ). It seems very likely 
that other downstream targets of Fer in addition to    -catenin 
will prove important in understanding the role of Fer in synapse 
differentiation and function. 
  Materials and methods 
  Reagents and constructs 
  Rabbit anti-Fer antiserum was provided by P. Greer (Queen  ’  s University, 
Kingston, Ontario, Canada), anti  –  N-cadherin was provided by D. Colman 
(McGill University, Montreal, Quebec, Canada), and anti  –  N-cadherin 
mAb (13A9) was provided by M. Wheelock (University of Nebraska, 
Omaha, NE). 
  Anti-p120ctn and antiphospho  –  SHP-2 were obtained from BD, 
anti  –      -catenin was obtained from Invitrogen, anti  –  Tau-1 (MAB3420) and 907 PRESYNAPTIC   P  120CATENIN/ FER/SHP-2/    -CATENIN   • Lee et al. 
points of the signals and was set as 0 along the x axis (distance). The in-
tensity value (y axis) of each puncta was aligned along the distance, and 
all of the intensity values of every puncta at every 0.01   μ  m were averaged 
and plotted. 
  For colocalization analyses with PSD-95 and synaptophysin-GFP or 
FM4-64 and synaptophysin-GFP, the RG2B colocalization plug-in was used 
to obtain the second images of colocalized particles, and the coverage of 
second image particles were obtained by the aforementioned method. The 
coverage from the second images was divided by the coverage of synap-
tophysin-GFP from the same image. 
  To quantify the colocalization of endogenous Fer and vGlut1, the 
just another colocalization plug-in was used, and Pearson  ’  s coefﬁ  cient was 
obtained from both correct and mismatched images (  Pinches and Cline, 
1998  ;   Bolte and Cordelieres, 2006  ). At least 5,000   μ  m of axons from 
three different cultures was examined per each condition, and a Student  ’  s 
  t   test was performed. 
  Online supplemental material 
  Fig. S1 shows expression of Fer in hippocampal synapses, and Fig. S2 shows 
the veriﬁ  cation of Fer shRNA. Fig. S3 shows the effect of kinase inhibition of 
Fer on excitatory synapse formation, and Fig. S4 schematizes the experiment 
to analyze the trans-synaptic effect of presynaptic Fer knockdown. Fig. S5 
shows the veriﬁ  cation of SHP-2 and PTP1B shRNAs. Videos 1  –  5 exhibit the 
presynaptic cluster dynamics. Videos 1  –  3 are videos of   Fig. 2  , and Videos 4 
and 5 are videos from   Fig. 6 (G and H)  . Online supplemental material is avail-
able at http://www.jcb.org/cgi/content/full/jcb.200807188/DC1. 
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